Abstract: This paper presents a new governor control scheme based on an Output Feedback PID controller which guarantees the control stability associated with the feedback gain and improves damping of the generator. The proposed control scheme of speed governor is developed on the basis of the PID controller in the previous study. The differential feedback has been replaced by the nonlinear output feedback. The proposed output feedback control has two advantages: first, it guarantees the wide-range of stable region for any change in the frequency regulation droop R with differential and integral feedback gains chosen in some proper range, and second remarkably improves generator damping free from havoc by the differential feedback. This paper discusses the possibility that the proposed governor control can be utilized as one of the means for power system stabilization (PSS). The computer simulations have been conducted on three cases, which show that generator damping can be remarkably improved by the proposed frequency control scheme.
INTRODUCTION
This paper presents a new governor control scheme based on an Output Feedback PID controller which guarantees the wide-range stability and improves damping of the generator. It is well known that the differential feedback helps stabilizing the whole control system but the differentiated input is usually very sensitive to the noise. In this reason, the differential control is relegated from the field application. The previous study has overcome this problem by adopting the average differential between in some small interval, which can be easily implemented by using a delay component. (Moon, Y.H. et al. 1999b) It is also verified that the proposed PID control scheme guarantees full stability for the global control range of frequency droop R in the automatic frequency control (AFC) loop. However the proposed governor control scheme is not in wide use yet. This is because the steam fluid dynamics is too complicate to allow a new control scheme without any new field needs. Several papers which propose new designs of PID controller have been published; however, troubles of differential feedback have not been dealt with and resolved. (Wen T. and Zhan X. 2009 , Krishnamoorthy N. 2005 Recently new concepts of power system control have been introduced such as Micro Grid and Smart Grid. These concepts brought in power quality problems and uninterrupted power supply for a specific district. In the micro grid, the frequency control has become an important issue when the area is isolated from the network. The AFC must absorb relatively big disturbance due to load change. The system frequency may change so fast due to the small system inertia. Therefore, development of a new control scheme of AFC has become a more urgent issue than ever before. The new control scheme should be developed to achieve fast response, fast damping and control stability.
Here it is noted that a new AFC scheme can be utilized to stabilize the system by improving generator damping effects. For this purpose, the power system stabilizer (PSS) is widely adopted but requires complicate tuning procedures with linearization of highly nonlinear power system. Consequently, reliability of PSS function would be considered not so high in unusual situation. On the other hand, the function of PSS would become trivial in emergency situation. This is because most of the exciters will, in emergency, be overloaded and thus have little capacity margin to participate in real power control. The wide area blackout in US and Canada, 2003 can be considered to show an example case where many of small generators were tripped in Ontario Hydro due to excitation problems. (NERC Final Report, 2004) This study proposes a new scheme of AFC with adoption of output feedback, of which the control stability has been ensured on the basis of the PID feedback control. (Moon, Y.H. et al. 1999a ) The proposed AFC scheme guarantees the wide range stability for feedback gain 1/R with robustness against differential noise. The main idea is to replace    by the output feedback using the differential term of the swing equation of a generator as a substitute for differential feedback. The case studies show that the proposed controller guarantees the stable control for any changes of the frequency regulation droop R with the proper differential and integral feedback gains, and remarkably improves generator damping free from havoc by the feedback of differential noise. The proposed algorithm may be applied to all kinds of power plants with fast-valve operations available, especially hydro-power plants.
REVIEW OF MODIFIED PID GOVERNOR CONTROLLER
In this section, the modified PID governor controller (Moon, Y.H. et al. 1999a, b) is reviewed, which improves the security of the AFC loop system in wide ranges of the gain, different from the conventional PID governor controller. The conventional PID feedback is operated by adjusting each gain individually. However, the modified PID control is supposed that each gain of the conventional PID control be proportionate to 1/R, since the ratios between each gain have more information than just gains. As shown in Fig. 1 , the speed adjustment coefficient, R, is set in front of each feedback loop in the modified PID diagram. Thus, each gain becomes depend upon R, and it is simultaneously controlled by R. It has been proven that the global stability can be secured for the entire control range of R if differential and integral feedback gains are set to within appropriate values. 
AFC CONTROL SCHEME WITH OUTPUT FEEDBACK
An output feedback PID controller is proposed to improve power system stabilization as well as overcome the drawbacks of conventional PID controllers. The modified PID controller guarantees the stability for the entire variation range of frequency feedback gain, 1/R, if the differential and integral feedback gains are chosen within some proper ranges. However, the PID controller has the weakness of the noises due to the differential inputs, which may cause the system instability. In order to resolve this drawback, a new governor control system is designed using the pseudo differential signal reorganized by output feedback as shown Fig. 2 .
In the new control scheme, P D in Fig. 1 is replaced by P e in order to apply to the multi-machine system. The state equations of the modified PID control system shown in Fig.  1 are given as follows: The proposed control system adopts, in unusual, a feedback of the differential signal,
alternately implemented using the swing equation of generator in (2) :
In the above equation, it is noted that ∆P P P , ∆P P P , where the subscription o means 'operation point', i.e., P P .
Then, the control input u Δ can be reorganized by
Consequently, the proposed output feedback PID control system can be depicted as given Fig. 2 . It is hard to measure the damping coefficient D in (7); furthermore, it varies with the operating point and the system loads. Since the damping effect is quite small, the damping coefficient can be neglected. In this case, the control input is given simpler as follows:
Here the control input includes the nonlinear terms and the original PID scheme is destroyed. Then a question has arisen: Could the nonlinear feedback in (8) still guarantee the control stability for the global variation range of 1/R?
The stability for the nonlinear system can be checked mostly with two theories: Popov theorem and hyper-stability theory. In this study, the stability is checked by the Popov theorem which is usually checked. (G. Griva et al. 1996) The state equations are rearranged as follows: The Popov stability condition is given by . This means the stability can be guaranteed in the almost global variation range of 1/R. (Detailed discussions will be reported in the next paper.) This result is also consistent with the expected behaviour of approximated PID controller by neglecting the damping effect.
CASE STUDIES
The proposed control scheme has been tested with WSCC 9-bus and Kunder 4-machine 11-bus systems by using CYME package. The performance has been discussed with several case studies compared with that by the conventional PI controller. Fig. 3 . One-line diagram of WSCC 9-bus System.
WSCC 9-bus System

Simulation Results of Output Feedback Controller
The output feedback PID controller has been tested with the WSCC 9-bus system with load increase and parameter variation. Fig. 3 shows the one-line diagram of WSCC 9-bus system. The control parameters were set by Table 1 .
It is assumed that 31.5 MW (10% of the total demand) is instantly increased at Bus 8. Fig. 4(a) shows the frequency responses of the proposed output feedback PID and conventional PI controllers when the load at Bus 8 increases 10% in the total demand. Fig. 4 represents the frequency responses at Gen 3, which is the closest to the disturbance point. It shows that the proposed controller can diminish frequency fluctuation much better than the conventional PI controller. The frequency oscillation lasts quite long due to small damping at Gen 3. However, the results show that the proposed controller improves the system damping to effectively stabilize oscillations in frequency and electrical output power in comparison to the PI controller. 
Comparison to Modified PID Controller
The output feedback controller was tested for the event with 5 % of load increase at Bus 8, in comparison to the modified PID controller. Fig. 6 (a) shows that these two controllers give exactly the same results for the identical parameters (R = 0.05, K D = 0.3, and K I = 0.5). As seen in Fig. 6 (b) and (c), it can be checked that the output feedback PID controller makes almost exact differential signal, whereas the signal of the modified PID controller is affected by differential noise which may bring in control instability.
Neglecting of the Damping Coefficient
The damping coefficient is dependent not only on the generator damping winding but also on the load-frequency characteristic so as to change with the operating condition. This makes it quite difficult to reflect accurate coefficient of D in the field application. In this respect, this study investigated the possibility of neglecting the damping coefficient in the proposed controller even though it may hurt the linearity of the PID control. Fig. 7 shows the frequency responses according to neglecting or not of the damping term in (6). The response by the damping-neglected feedback is almost the same as that by the full feedback. This means that neglecting the damping coefficient little affects the linearity of the PID controller. Moreover one can find that the neglected case gives better performance than that by full feedback. Therefore, we can conclude that the damping coefficient can be neglected with little damage on the control performance for practical field applications. 
Kundur 4-machine System
Kundur 4-machine 11-bus system is depicted in Fig. 8 . Each generator has an IEEE type 1 exciter, of which all the parameters are the same except inertia. The controller gains are given in Table 2 . Assuming that three-phase fault occurs at Bus 10, the system is simulated and evaluated. Fig.9 shows frequency responses and electrical outputs of Gen.4, which is closest to the disturbance point and most efficient to ascertain the improvement in system damping. By the proposed controller oscillations in all generator outputs are rapidly decayed out, while the conventional PI takes more than 10 second to be settled down. Fig.10 shows the frequency response with variation of R. It is well known that excessive deceasing in R brings in instability in the AFC control loop. Hence, the control range of gain R is limited and usually set to 2~5 %. Here it is remarkable that the proposed controller efficiently stabilizes the system under severe disturbance such as three-phase fault for such a small droop R = 1.0 % as shown in Fig. 10 . The test results of the proposed control scheme show that generator damping can be remarkably improved for either a small or a severe system disturbance. All oscillations in frequency or power output are damped out so fast as shown in Figs. 9 and 10. This means a generator with proposed control scheme can be utilized as a tool to stabilize the system oscillation, which acts very effectively even for severe disturbance cases. This paper provides no direct comparison of stabilization effects between the PSS and the proposed control. However, the proposed control might be considered as a substitute of PSS. At least, it is certain that the proposed control can be utilized to complement the drawback of the conventional PSS especially in emergency cases as discussed earlier.
Both local and inter-area applications are possible but it is desirable to consider local application first.
CONCLUSIONS
This paper proposes a new governor control scheme based on an output feedback PID control, which remarkably improves generator damping with the guarantee of wide-range stability with respect to droop control R. The proposed controller has two advantages: 1) guarantees the wide-range stability boundary for any change of the frequency regulation R if the differential and integral feedback gains are chosen in the proper range, and 2) adopts a pseudo differential feedback signal reorganized by using the swing equation in order to prevent the any instability by feedback of the direct differential signal. Computer simulations have been conducted for the three cases. All the results show that the output feedback PID controller yields almost the same performance as the previous modified PID controller, but improving the robustness of noise caused by differential feedback. The proposed controller shows much better control performance than the conventional PI controller. The simulation results show some possibility of the proposed governor control to apply to power system stabilization, in which it is certain that it can be utilized to complement the drawback of the conventional PSS especially in emergency cases. 
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